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Introduction
There is a widespread consensus that smallholder farming needs to become more productive, more sustainable 
and more profitable. Unmanned Aerial Systems (UAS) – or drone-based services – can contribute towards 
these goals by bringing some of  the tools of  precision agriculture to producers, which include large- and 
medium-scale farm holdings, and associations of  small-scale farmers growing the same crop in contiguous 
areas. Typically, UAS services are provided by entrepreneurs who invest in the equipment, learn the skills to 
use it, conduct or sub-contract data analysis, interpret the findings and advise their customers.
UAS can inform a range of  services, including mapping and surveying (e.g. farm boundary delineations, 
crop area calculations, elaboration of  digital elevation models), crop inventory (e.g. count of  tree crops, 
yield estimations), crop scouting (e.g. identification of  location-specific crop stress, assessment of  biomass 
development), crop damage assessment (e.g. for insurance purposes), crop management advice (e.g. nitrogen 
application on selected crops), infrastructure inspection (e.g. irrigation systems, farm to market roads), and 
increasing farmers’ creditworthiness via the integration of  farmer profiles with high-resolution imagery, 
crop diagnostics, and accurate and up-to-date datasets. UAS can thus help increase returns to farmers and 
create new knowledge-intensive employment opportunities in rural areas, offering educated rural youth an 
alternative to migration.
To explore the potential of  UAS, the Technical Centre for Agricultural and Rural Cooperation (CTA) launched 
the project known as Eyes in the Sky, Smart Techs on the Ground which focused on the introduction of  UAS across 
Africa. Since 2018, as part of  the overall project, CTA has funded several research initiatives in Africa to assess 
how smallholder farmers benefit when they take action in response to receiving UAS-based advisory services, 
and their willingness to pay for such services. In the case of  Rwanda, the crops under investigation were 
rainfed-grown Irish potato and wheat in Rukaba and Murago villages in Gataraga Sector, Musanze District. 
The Rwandan context
Rwanda is well known for being at the forefront of  innovation in Africa. On 29 January 2018, the African 
Union launched the Africa Agriculture Transformation Scorecard (AATS) – a new tool to drive agricultural 
productivity and development. The report revealed that only 20 of  the 47 Member States that reported were 
on track to achieving the commitments set out in the Malabo Declaration, and that Rwanda led the top 10 
best performers with a score of  6.1. 
Rwanda’s Crop Intensification Program (CIP), which began in September 2007, focuses on six priority crops, 
namely maize, wheat, rice, Irish potato, beans and cassava. Under this programme, farmers synchronise the 
cultivation of  their crops on land that has been consolidated and rearranged to form larger and more rational 
land holdings. Farm inputs such as improved seeds and fertilisers are distributed to farmers through public-
private partnerships, and farmers are also given access to extension services to provide them with information 
on the use of  inputs and improved cultivation practices. As a result, crop productivity has increased. The 
production of  maize and wheat has increased six-fold, and Irish potato and cassava has tripled, while the 
production of  rice and beans has increased by 30% in the past 4 years. 
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While supporting the cultivation of  the same crop on contiguous farms, CIP is also setting the foundations 
for enhanced crop mechanisation and the use of  UAS-based services as these need economies of  scale to be 
remunerative for the service providers and the farmers.
The project context and actors involved
The project chose to focus on two of  the CIP priority crops, namely Irish potato and wheat. Rwanda is the 6th 
largest producer of  potatoes in Africa, which is significant given the relative land size of  the country. Potato 
is cultivated across the country; however, four districts in the north-west (Rubavu, Musanze, Nyabihu and 
Burera) are responsible for most of  the production, which is grown over two cropping seasons (February to 
July and September to February). The country plans to increase production significantly through expanding 
the area under production and increasing yield per hectare (productivity). 
In Rwanda, wheat is also an important staple crop for smallholder farmers. The country has become heavily 
dependent on wheat imports for domestic demand so is aiming to cut wheat importations by allocating more 
land to wheat production and improving productivity. Rwanda was targeting to put 95,000 hectares under 
wheat farming by 2019. According to the Ministry of  Agriculture and Animal Resources (MINAGRI) wheat 
is currently cultivated on approximately 55,000 ha across the country. Two cropping seasons are observed in 
the project area: February to July and September to February.
CTA conducted this research in order to contribute to the understanding of  whether smallholder farmers 
acting upon advice based on data generated via UAS increase their income and/or reduce their costs when 
growing rainfed wheat or Irish potato in Musanze area. In addition to this, the research also assessed the 
willingness of  smallholder farmers to pay for such services.
Parties involved in the research included Charis Unmanned Aerial Solutions which was the first UAV 
(unmanned aerial vehicle) certified national operator in Rwanda, the University of  Rwanda, the Regional 
Research Centre for Integrated Development (RCID) and two farmers cooperatives, namely the Coopérative 
pour augmentation de la production agricole (KOPAKUBI), established in 2013, and the Cooperative 
Jyambere Muhinzi Gataraga established in 2015.
The analysis and interpretation of  multispectral imagery was done using a cloud-based service offered by the 
French company Airinov. Unfortunately, delays were recorded in the delivery of  interpreted datasets. In turn 
this resulted in delayed applications of  nitrogen to the crop at key growth stages and this may have affected 
the efficacy of  the applications.
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A. Willingness to pay
A.1 Socio-economic characteristics of the respondents
This section profiles a selection of  farmers (Figure 1) who participated in the research project, specifically 
those who were interviewed on their willingness to pay for UAS-based advisory services. 
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A.1.1 Sex of respondents
The survey focused on 32 farmers who grew either Irish potato or wheat and who benefited from UAS-based 
advisory services. Table 1 shows that 20 farmers (62.5%) were men while the balance (37.5%) were women.





Figure 1: Some of the farmers who participated in the willingness to pay survey exercise
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A.1.2  Marital status 
Table 2 summarises the marital status of  the respondents. Most of  them were married (84.4%). Singles and 
widows represented 9.4% and 6.3% of  the total, respectively.
Table 2: Marital status of the respondents







Table 3 summarises the level of  farmers’ education. The majority (65.6%) of  respondents completed primary 
school as their highest level of  education. The number of  farmers who had other levels of  education was low.





Started but did not complete secondary 4 12.5
College/university 2 6.3
Total 32 100.0
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A.1.4  Age 
The population of  Musanze District is generally young, with 63.6% under 25 years old (NISR, 2012a), yet 
this study confirms that the participation of  youth in agriculture (which is the main economic activity in the 
district) remains low.
Table 4: Age of the respondents
Age group Frequency Percent
Between 20 and 29.9 years of age 3 9.4
Between 30 and 39.9 years of age 7 21.9
Between 40 and 49.9 years of age 7 21.9
Between 50 and 59.9 years of age 8 25.0
Between 60 and 69.9 years of age 6 18.8
Above 70 years of age 1 3.1
Total 32 100.0
A.1.5 Household size 
Table 5 provides information on the size of  the respondents’ households. The findings show that the majority 
of  respondents (65.6%) live in households that contain between 6 and 10 people. This figure is slightly above 
the average household size in Musanze District, and the national average, which is 4.8 people (NISR, 2012b).
Table 5: Household size of the respondents 
Household members Frequency Percent
Between 1 and 5 9 28.1
Between 6 and 10 21 65.6
Between 11 and 15 2 6.3
Total 32 100.0
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A.2 Farmers’ awareness of and perceptions  
 on UAS services
A.2.1 Awareness of UAS services on offer in agriculture
All 32 respondents confirmed being aware of  UAS services in agriculture. Table 6 summarises their perceptions 
about UAS services offered in the agricultural domain.
Table 6: Opinions and perceptions of farmers on UAS services in agriculture
Statement Reaction to statement Frequency Percent
UAS services offer real solutions for 
control of pest and disease
  
Strongly agree 20 62.5
Agree 12 37.5
Disagree 0 0.0
Strongly disagree 0 0.0
Unsure 0 0.0
Total 32 100.0
UAS services are a solution for 
precision application of inputs  
(fertilisers and pesticides)
  
Strongly agree 20 62.5
Agree 12 37.0
Disagree 0 0.0
Strongly disagree 0 0.0
Unsure 0 0.0
Total 32 100.0
Farmer’s opinion that drones to fly on 
their farms will go against their culture 
or beliefs
  
Strongly agree 0 0.0
Agree 1 4.3
Disagree 18 78.3
Strongly disagree 0 0.0
Unsure 4 17.4
Total 23 100.0
There is a need to promote UAS services 
to create awareness and demand for 
the product among the farmers
  
Strongly agree 15 46.9
Agree 17 53.1
Disagree 0 0.0
Strongly disagree 0 0.0
Unsure 0 0.0
Total 32 100.0
UAS technology is difficult to use and 




Strongly agree 9 28.1
Agree 20 62.5
Disagree 1 3.1
Strongly disagree 0 0.0
Unsure 2 6.3
Total 32 100.0
There is a need to educate farmers to 
use UAS because it is an important 




Strongly agree 12 37.5
Agree 20 62.5
Disagree 0 0.0
Strongly disagree 0 0.0
Unsure 0 0.0
 Total 32 100.0
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Table 6 reveals that farmers are positive about the role UAS services play in the agriculture sector. More than 
50% of  respondents recognised the important role UAS services can play in controlling pests and diseases, 
and precisely applying agricultural inputs such as pesticides and fertilisers. 62.5% of  surveyed farmers said 
that they would need assistance from extension officers in using the UAS technology, for example for the 
interpretation of  maps. More than 50% of  farmers also expressed their need for more training in the use of  
UAS services, and felt that promotion of  UAS services was important to create awareness of  and demand for 
the product among farmers.
A.2.2  Knowledge of the benefits of using UAS  
services in agriculture
Based on the findings of  the inquiry, every farmer acknowledged having derived some benefits from the use 
of  UAS services during the cropping season. 
A.2.3 Benefits of using UAS services 
Respondents were asked to describe what benefits they derived or would expect to derive from the deployment 
of  the technology (Figure 2). When growing wheat and Irish potatoes, farmers benefited from UAS services 
through detection of  weeds, diseases and pests, and monitoring overall crop health (both 91%). Farmers are 
also able to carry out surveillance of  their crops (81%), apply agricultural inputs such as fertilisers and pesticides 
rationally (69%), monitor crop growth, and accurately determine the farm size (59% for both). Farmers who 
also raised livestock stated that they thought UAS services could also be helpful in monitoring their livestock.
Figure 2: Perceived benefits of using UAS-based services in agriculture










Detection of weeds, diseases and pests
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A.2.4 Perceived benefits that should be promoted 
Famers recognise the importance of  using UAS services in the agricultural sector and 100% of  them consider 
that there is a need to promote such services for more widespread use in Gataraga Sector. Figure 3 reveals 
the UAS services that most farmers felt should be promoted. These include in order of  priority monitoring 
of  overall crop health and detection of  weeds, diseases and pests (both 78%), crop spraying (75%), location-
specific application of  inputs (63%), and determining farm size (69%). Crop surveillance (59%), livestock 
monitoring (56%) and monitoring of  crop growth (53%) were at the lower end of  the benefits worth promoting.










Detection of weeds, diseases and pests
Monitor overall crop health
Crop spraying
Map farm size













A.2.5 Challenges in implementing UAS-based advice
Most of  the respondents (81%) did not see mayor challenges in adopting advice provided by UAS 
services (Figure 4).
Those who had experienced, or were concerned about, challenges (19%) of  using UAS technology themselves 
were in the minority (Figure 5). The main challenges highlighted included a lack of  technical knowledge in 
using UAS technology (19%), inability of  UAS to be used in bad weather (16%), and accident and injuries 
caused when using the technology (13%).
Figure 3: Perceived benefits that should be promoted in Gataraga Sector
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Figure 4: Challenges in implementing UAS-based advice
Lack of technical knowledge of farmers
Non-effective application in bad weather conditions
(rain, night, etc)
Accidents and injuries during UAV operations
Invasion of privacy and potential misuse of information
High operation costs







10 Cost-benefit analyses of UAS-based advisory services and farmers’ willingness to pay Cost-benefit analyses of UAS-based advisory services and farmers’ willingness to pay
A.3 Pricing and cost of UAS services
A.3.1 Payment for UAS-based advisory services
Table 7 summarises the ability of  farmers to pay for UAS-based advisory services. All surveyed farmers 
confirmed having the capacity and ability to pay for UAS services.
Table 7: The ability of payment of UAS-based advisory services






A.3.2 Farmers’ willingness to pay for UAS-based   
 advisory services 
Figure 6 outlines the total amount each farmer would be willing to pay for UAS-based advisory services. Most 
(78%) respondents were willing to pay an amount under FRw10,000/ha (€9.63), while 19% were willing to 
pay up to FRw20,000/ha (€19.26), and 3% would pay between FRw21,000 (€19.35) and FRw30,000 (€27.65) 
for UAS-based advisory services. 
A baseline report on Irish potato and wheat production in Gataraga and Busogo sectors in Musanze District 
revealed that most farmers allocated 0-0.5 ha to cultivation of  wheat and Irish potato (54% of  farmers), 29% 
cultivated the crops on 0.5-1 ha, 12% on between 1-2.5 ha, and 4% allocated up to 7.5 ha.
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For a drone operator in Rwanda, the estimated cost of  providing UAS-based advisory services based on three 
flights per growing season, is approximately FRw7,500/ha (€7.20), with a minimum of  35 ha (of  contiguous farms 
growing the same crop) covered per data gathering exercise. Comparing these figures to the willingness of  farmers 
to pay for UAS services, it seems likely that both the service providers and their clients will find the price point 
acceptable, provided that the clients (farmers) commission crop surveys over a minimum contiguous area of  35 ha. 
It is important to note, with the economies of  scale involved, that the cost per hectare might be further reduced 
if  the number of  hectares surveyed in one data gathering exercise was significantly increased. Hence, if  
farmers are grouped to adopt the technology, the percentage of  farmers willing to pay will potentially increase, 




Figure 7: Charis UAS staff flying a  
drone for data collection on wheat 
(treatment group) 
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A.3.3 Preferred form of payment for UAS-based   
 advisory services by farmers
Figure 8 illustrates farmers’ preferred forms of  payment for UAS-based advisory services. A significant 
proportion (41%) reported that they would be willing to pay for UAS-based advisory services through cost-
sharing within their cooperative, confirming that farmers in Gataraga Sector recognise the importance of  
being a member of  a number of  different cooperatives1. In addition, other farmers expressed their willingness 
to pay as individual clients or if  they were subsidised by the government and other stakeholders (28% 
of  respondents for both models of  payment). Lastly, 3% of  respondents reported preferring to pay with 
contracted loans and credit from financial institutions. 







Cost sharing amongst cooperative members
Via a loan obtained from a bank
1 In Rwanda, different types of  cooperatives operate to meet various economic, social and cultural needs. These include 
productive cooperative organisations, commercial and consumer cooperative organisations, savings and credit cooperative 







Cost sharing amongst cooperative members
Via a loan obtained from a bank
A.4 Farmers’ feedback to the BBC
On 4 April 2020, BBC Gahuza (https://tinyurl.com/ya5v5xkp) published the findings of  an investigation that 
it conducted in Gataraga Sector to understand if  the farmers really had benefited and seen positive impacts 
from using UAS-based advisory services in their agriculture practices. A group of  farmers who received the 
service testified positively about the impact. For example, Mr Gatamu explained how an association that 
represented people with disabilities, Turengere Abacu had visited him to find out how he had been able to 
achieve such high yields. Many similar testimonies where given, as well as complaints from those who did not 
receive the UAS services. They felt left out and strongly requested that they would be included in the next 
group. Towards the end of  the report, Mrs Helena requested that the service would be provided in the next 
season and she said that they would be ready to pay for the service even if  it meant that they had to act as a 
group to afford the service. 
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A.5 Conclusion
The study revealed that 100% of  respondents were aware of  UAS services in agriculture and more than 50% 
felt that UAS services provided a solution to control pests and diseases, and precisely apply agricultural inputs 
such as pesticides and fertilisers. A significant proportion (62.5%) of  respondents faced difficulties in using 
UAS technology, and 50% expressed a need for more training and promotion of  the use of  UAS services 
to create awareness and demand for the product among other farmers who know nothing about the use of  
drones in agriculture.
In terms of  benefits, the findings show that farmers were benefiting from UAS-based advice through the 
detection of  weeds, diseases and pests, and monitoring of  overall crop health (90.63% of  respondents). The 
vast majority (81.25% of  respondents) were also able to carry out crop surveillance, while 68.75% rationally 
applied agricultural inputs such as fertilisers and pesticides, and 59.38% monitored crop growth. 
The farmers were also asked which UAS services needed to be promoted. Respondents considered the 
promotion of  UAS for monitoring overall crop health and the detection of  weeds, diseases and pests as a 
top priority (87%), followed by crop spraying (75%), farm size determination (69%) and location-specific 
application of  inputs (63%). In terms of  challenges, 19% of  respondents indicated a lack of  technical 
knowledge in using UAS technology, 16% of  respondents indicated the inability to use UAS in bad weather 
and 13% of  respondents indicated possibilities of  accident and injuries as a result of  using UAS.
The study also looked at the cost of  using UAS services. The findings show that 100% of  surveyed farmers 
stated their willingness to pay for UAS services; 78% were willing to pay up to FRw10,000/ha (€9.63), and 
19% reported being able to pay between FRw10,000 and FRw 20,000/ha. Almost half  (48%) stated that they 
would prefer to pay for UAS services through cost-sharing within their cooperatives. With the cost for a drone 
operator to offer UAS services at around FRw7,500/ha (€7.20), it is also promising to see financial incentives 
for UAS operators to venture into the agriculture sector. With more farmers coming together, the cost of  
sale could be further reduced, leading to the service becoming more affordable to many smallholder farmers. 
Furthermore, the willingness of  farmers to pay for UAS services has been confirmed by a report carried out 
by BBC Gahuza. The farmers interviewed expressed their desire to see UAS services continue and scaled up so 
that all farmers across the region could benefit. 
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B. Analysis of costs and benefits deriving to   
 smallholder farmers growing rainfed potato,  




This study was conducted in the Northern Province of  Rwanda, Musanze District, Gataraga Sector in 2019. 
The cropping season started in February 2019 and ended in July 2019. The site is located at 1.4825° latitude 
and 29.6008333° longitude. It is characterised by abundant annual rainfall estimated at between 1,500 and 
2,000 mm, and volcanic soil in its plane regions and clayish soil in its mountainous regions. 
Soil samples (see Appendix 2) were collected to determine the soil PH, total nitrogen, available phosphorus, 
and exchangeable potassium and to characterise the sampled plots. The main equipment carried by field 
researchers were an Android tablet for data entry, measuring tapes for plotting measurements of  the sampled 
plots, notebooks and pens for draft recordings, and weighing scales. 
Figure 9: Delimitation of farmer’s plot for the research project, Gataraga Sector
Cost-benefit analyses of UAS-based advisory services and farmers’ willingness to pay 15Cost-benefit analyses of UAS-based advisory services and farmers’ willingness to pay
B.1.2  Experimental design and treatments
A randomised controlled trial was used to evaluate the impacts of  UAS-based advisory services for potato 
farmers. The site was selected because of  its high potential for potato production. The plots were installed in 
two soil type locations: hillside and valley. The size of  each experimental farm plot was 0.03 ha. A group of  
24 farmers growing potato was considered. The group was divided into two groups: a treatment group of  16 
potato farmers with a total farm area of  0.48 ha and a control group of  eight potato farmers with a total area 
of  0.24 ha. The farmers were also members of  the Jyambere Muhinzi farmers’ cooperative based in Gataraga 
Sector. The best common variety of  seed, Twihaze 058, NPK chemical fertiliser, and organic manure were 
used by potato farmers in both the treatment and control groups. 
Figure 10: Extension officer providing UAS-based advisory services to potato farmers
 
Farmers in the treatment group carried out their agricultural activities following advice provided by extension 
officers who were using UAS-generated index maps (Figure 11 to Figure 14). Aerial data gathering was 
carried out by UAVs equipped with multispectral sensors. These were flown at regular intervals and took 
high-resolution multispectral imagery which was subsequently analysed using Pix4D software. The results of  
the analysis were then displayed using normalised difference vegetation index (NDVI) maps to portray the 
health status and growth vigour of  the crop on individual plots. Famers in the control group conducted their 
agricultural activities following conventional agricultural information.
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Figure 11: NDVI map of a potato field at seedbed preparation stage (treatent group) 
Map analysis: No crop, negative anomaly (green), no green leaves. 
Figure 12: NDVI map of a potato crop at emergence stage (treatment group) 
Map analysis: Unhealthy crop, irregular growth, low positive anomaly (green), high 
red way reflection, low variation of chlorophyll, poor sunlight absorption, poor 
photosynthetic efficiency, less dense green leaves.
UAS-based advice: Apply fertilisers to stunted plants, spray unhealthy plants with 
pesticides, remove plant weeds, remove potato plants in overcrowded locations, 
apply disease control based on locations shown on NDVI map. 
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Figure 14: NDVI map of a potato crop at maturity stage (treatment group)
Map analysis: Healthy crop, normal maturity stage, good red way reflection at 
maturity stage, good relative density of plants.
UAS-based advice: Get ready for harvest.
Figure 13: NDVI map of a potato crop at stem elongation stage (treatment group)
Map analysis: Healthy crop, normal growth, no water stress detected, good relative 
density of plants, high NDVI value means that plants are doing and growing well.
UAS-based advice: Apply pesticides to stunted plants, remove weeds, conduct disease 
control based on locations shown on NDVI map.
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B.1.3  Assessment of the impact of UAS advice on yield 
Data was collected for each farmer in the treatment and control group. The data consisted of  quantity of  
inputs, labour used and yield. The crop cutting experiment setting methodology developed by Sud et al. (2017) 
was used for determining the yield. The crop cutting sample unit was located in the farm plots. After placing 
a first peg, the researcher proceeded by measuring 5 meters due-east of  the starting corner and placed a 
second garden stake in the ground. The field researcher turned north (by turning 90o) at the second peg 
and then measured again 5 meters north and placed a third garden stake in the ground. When the potato 
crop was ready for harvest, the farmer informed the field researcher and together they harvested the crop. 
After harvesting, the potato was dried to a standard moisture level and subjected to threshing. The field 
researcher then weighed the potato from the crop cuts and determined the total production by extrapolation. 
The yield was then determined for farmers in both the treatment and control groups and compared in order 
to determine the impact of  UAS-based advisory services on yield. A cost-benefit analysis was performed for 
both groups to evaluate the impact of  the UAS-generated advice on crop productivity and farmers’ income. 
B.2 Findings of the study 
B.2.1  Characterisation of treatment and control farmers 
Most farmers were men (71%) who were married. Widowed farmers represented 21% of  the total. Women 
(widows) represented 29% of  the farmers. All the potato farmers were literate (33% attended secondary 
school, 62% attended primary school and 4% completed tertiary education). About 79% were aged between 
40 and 60, and 16% were over 70. Household size varied, with 29% living in households with between four 
and six people, 20% had households of  between six and eight people, and 25% had households of  between 
eight and ten people. The average land size was 0.77 ha, with a total combined land area of  11.06 ha. The 
experiments were conducted on 300 m2 parcels within the farmers’ fields. 
B.2.2  Cost determination
B.2.2.1 Input costs
The data in Table 8 shows the quantity and cost of  the inputs (fertiliser, pesticides and seeds) used by the 
farmers in the treatment and control groups. The inputs were used on a land area of  0.48 ha for the treatment 
group and 0.24 ha for the control group. The cost of  renting land was also included as an input. The farmers 
in the treatment group had less costs in terms of  pesticides, because, thanks to the use of  the UAS-generated 
index maps, they were able to target the pests based on actual distribution on their plots, thus reducing the 
quantity of  pesticide applied. 
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Table 8: Input costs in FRw/ha
Various inputs Cost/ha for treatment group Cost/ha for control group
Land rent 200,000 200,000
Fertiliser (NPK) 168,000 168,000
Organic manure 200,000 200,000
Pesticides 243,333 253,333
Potato seed 1,333,333 1,333,333
Extension services 31,500 0
UAS services (three flights) 30,000 0
Total 2,287,788 2,236,859
B.2.2.2 Labour costs
The data in Table 9 reveals the cost of  labour used for bush cleaning, ploughing, planting, weeding, earthing 
and harvesting. The two groups carried out similar activities, although the treatment group benefited from 
geo-referenced actionable UAS-generated information which allowed them to be more efficient in carrying 
out some of  the activities. 
Table 9: Labour costs per hectare
Labour input costs (FRw/ha)  Treatment group  Control group







B.2.2.3 UAS service costs
The UAS-based services provided consisted of  capturing high-resolution aerial images of  the potato farms 
using a drone mounted with a Sequoia multispectral sensor. The images were then processed for further analysis. 
NDVI maps were produced and interpreted by an agronomist who in turn provided advice to farmers. Only 
farmers in the treatment group benefited from the advisory services. They were provided with individualised 
geo-referenced stress maps (water, pest, nutrition) and relevant information to help them interpret the maps. 
The stress maps were analysed to detect the nature of  the stress and advice was provided to help them solve 
issues detected. The images were taken three times during the cropping season, so extension officers visited 
three times to explain the images and the appropriate actions to take. 
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Table 10 details the cost of  the UAS services provided. The extension cost was estimated on the basis of  one 
extension officer for 4,000 farmers in Africa, and the average monthly salary provided to the agronomist. As the 
UAS and extension services were only provided to farmers in the treatment group, the cost of  these services for 
farmers in the control group was zero. The total cost of  UAS advisory services for the season, and per hectare, 
was evaluated at FRw61,500 (€58) for the local context, where farms were scattered over the landscape. This 
includes the cost of  three flights (which was determined on the basis of  FRw30,000/ha (€28.30/ha) of  scattered 
farms, i.e. FRw10,000 (€9.4/ha) per flight) and the total extension service was estimated at FRw31,500 (€29.70).






UAS services Extension advisory services based on the index maps 31,500 0
Three drone flights to take multispectral imagery of the crop, 
process, and print the output in the form of index maps and 




B.2.3  Harvest and its value
Table 11 shows the harvest values for the treatment and control groups. The total harvest realised by the 
treatment group over a total area of  0.48 ha was 7.31 t which corresponds to a yield of  15.2 t/ha. The total 
harvest for farmers in the control group was 3.55 t over a total area of  0.24 ha, which corresponds to a yield 
of  14.8 t/ha. There is a difference of  0.4 t/ha which likely resulted from action taken by the treatment group’s 
farmers based on the UAS-advisory services provided to them, as almost all other variables used in the two 
groups were the same. The value of  the total quantity of  potato produced by farmers in the treatment group 
was FRw2,817,920/ha (€2,658/ha), compared to FRw2,738,000/ha (€2,582/ha) for the control group.
Table 11: Harvest value per hectare
Item Harvest value for treatment group Harvest value for control group
Area harvested (ha) 0.48 0.24
Total harvest (t) 7.31 3.55
Yield at harvest (kg/ha) 15.2 14.8
Ex farm sale price (FRw/kg) 185 185
Gross income FRw/ha 2,817,920 2,738,000
B.2.4  Cost-benefit analysis
A cost-benefit analysis shows that the cost-benefit ratio (1.23) was greater in the treatment group than the 
control group (1.22). Given that all other variables were the same, this shows that the use of  UAS services in 
potato farming could increase profits. This implies that farmers acting upon UAS-based advice  optimised the 
use of  inputs and reacted more quickly to threats detected, such as weeds and pests. This resulted in farmers 
being able to cut costs, increase yields, and their profits. However, the difference in the cost-benefit ratio is 
small (0.01). The increase in production was 2.84% while the increase in net income was 5.47%.
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Table 12: Cost-benefit analysis 














Exchange rate   0.00099 0.00099 0.0011 0.0011
Various input costs FRw/ha       
Land rent 200,000 200,000 €198.0 €198.0 $220.0 $220.0
Fertiliser (NPK) 168,000 168,000 €166.3 €166.3 $184.8 $184.8
Organic manure 200,000 200,000 €198.0 €198.0 $220.0 $220.0
Pesticides 243,333 253,333 €240.9 €250.8 $267.7 $278.7
Potato seed 1,333,333 1,333,333 €1,320.0 €1,320.0 $1,466.7 $1,466.7
Extension workers 31,500 0 €31.2 €0.0 $34.7 $0.0
UAS services (three flights) 
for scattered farms 30,000 0 €29.7 €0.0 $33.0 $0.0
Subtotal 1 – inputs (physical 
and services) 2,206,166 2,154,666 €2,184.1 €2,133.1 $2,426.8 $2,370.1
Labour inputs (FRw/ha)       
Bush clearing 18,760 17,806 €18.6 €17.6 $20.6 $19.6
Ploughing/hoeing 11,499 12,104 €11.4 €12.0 $12.6 $13.3
Planting 15,234 14,219 €15.1 €14.1 $16.8 $15.6
Weeding 15,625 16,875 €15.5 €16.7 $17.2 $18.6
Earthing 14,375 13,125 €14.2 €13.0 $15.8 $14.4
Harvesting 6,129 8,064 €6.1 €8.0 $6.7 $8.9
Subtotal 2 – inputs (farm 
labour) 81,622 82,193 €80.8 €81.4 $89.8 $90.4
Total costs (all inputs) FRw/ha 2,287,788 2,236,859 €2,264.9 €2,214.5 $2,516.6 $2,460.5
Yield at harvest (kg/ha) 15,232 14,800 15,232 14,800 15,232 14,800
Ex farm sale price (FRw/kg) 185 185 €0.18 €0.18 $0.20 $0.20
Gross income FRw/ha 2,817,920 2,738,000 €2,789.7 €2,710.6 $3,099.7 $3,011.8
Net income (FRw/ha) 530,132 501,141 €524.8 €496.1 $583.1 $551.3
Return on investment 23.17% 22.40% 23.17% 22.40% 23.17% 22.40%
Cost-benefit ratio 1.23 1.22 1.23 1.22 1.23 1.22
Treatment vs control group (rainfed potato)
% increase in net income 5.47%
% increase in production 2.84%
Increase in net income/hectare (FRw) 28,991
Increase in net income/hectare (€) €28.7
Increase in net income/hectare (US$) $31.9
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B.3 Conclusion
The objective of  this study was to investigate whether smallholder farmers acting upon agricultural advice, 
based on data and information generated via UAS, increased their net income (i.e. higher yield and/or 
reduced costs).The yield realised in the treatment group was 15.2 t/ha while the yield in the control group 
was 14.8 t/ha. The small difference of  0.4 t (i.e. 2.84% increase in production per hectare) most likely resulted 
from the UAS-based advice provided to farmers in the treatment group. The cost-benefit analysis showed a 
small difference between the treatment group (1.23) and control group (1.22). Given that all other types of  
variables were almost the same, it can be concluded that the use of  UAS in potato farming led to an increase 
in farmers’ net income. 
While the data collected indicated positive benefits for smallholders, it is important to repeat the research 
before making final conclusions about the impacts of  using UAS services when growing potato under rainfed 
conditions. The outcome of  more extensive research could help policymakers, decision-makers and funders 
in developing countries to make informed decisions on the upscaling of  the technology.
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C. Analysis of costs and benefits deriving to   
 smallholder farmers growing rainfed wheat,  




This study was conducted in Gataraga Sector in Musanze District in Northern Province of Rwanda from 
February 2019 to August 2019. The site was selected because of its high potential for wheat cultivation. 
The site of the study lies at a latitude of 1.4825° and 29.6008333° of longitude in an agro-ecological area 
of abundant rainfall, ranging between 1,500 and 2,000 mm. The site is characterised by volcanic soil 
and clayey soils in its plane and mountainous regions. Data was collected on sampled plots (see Appendix 2) 
with the aim of determining and characterising soil PH, total nitrogen, available phosphorus, and 
exchangeable potassium. The data was collected using Android tablets, measuring tapes, notebooks and 
pens, and weighing scales.
 
C.1.2  Experimental design and treatments
A group of  24 farmers grouped in the Jyambere Muhinzi farmers’ cooperative in Gataraga Sector participated 
in the study. During the experimental design, farm plots of  0.03 ha were installed in hillsides and the valley. 
The group was divided into two sub-groups of  16 farmers with a total farm area of  0.48 ha as a treatment 
group while the remaining eight farmers formed a control group with a total area of  0.24 ha. The treatment 
group used the wheat seed variety known as Njoro. Diammonium phosphate (DAP), urea and organic manure 
were the main fertilisers used in the experiment. Farmers in the treatment group carried out their agricultural 
activities following advice provided by project-paid extension officers who were using UAS-generated index 
maps. Airborne data gathering was carried out by UAVs equipped with multispectral sensors. These were 
flown at regular intervals and took high-resolution multispectral imagery which was subsequently analysed 
using Pix4D software. The results of  the analysis were then displayed using NDVI index maps to portray the 
health status and growth vigour of  the crop on the individual plots. Farmers in the control group conducted 
their agricultural activities based on conventional methods. UAV flights and consequent location-specific 
nitrogen applications were done at stage Z30 (i.e. beginning of  stem elongation: pseudostem and tillers erect, 
first internode begins to elongate, top of  inflorescence at least 1 cm above tillering node) and stage Z33 (stem 
elongation, node 3 at least 2 cm above node 2). 
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Figure 16: Extension officer providing advice to wheat farmers (treatment group)
Figure 15: Farmers preparing the soil for planting wheat
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Figure 17: Index maps of a wheat parcel at seedbed 
preparation stage (treatment group)
Map analysis: Seedbed preparation stage. No plant, 
negative anomaly (green), no green leaves.
Figure 18: Index maps of a wheat parcel at crop 
emergence stage (treatment group)
Map analysis: Abnormal growth, low positive anomaly 
(green), high red way reflection, low variation of 
chlorophyll, low sunlight absorption, poor 
photosynthetic efficiency, few dense green leaves and 
low NDVI value which correlate to unhealthy plants.
UAS-based advice: Apply fertilisers to abnormal 
growing plants based on NDVI maps, spray pesticides 
on unhealthy plants, remove unwanted plants (weeds), 
remove wheat growing in furrow, apply disease control 
measures using NDVI maps. 
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Figure 19: Index maps of a wheat parcel at first node 
Z32 phase (treatment group)
Map analysis: Normal growing, no drought, positive 
anomaly (green), less red way reflection, sunlight 
absorption, good transformation of light energy into 
chemical energy by plants (photosynthesis), good 
variation of chlorophyll and high NDVI value which 
means that plants are growing well.
UAS-based advice: Second application of fertilisers to 
small abnormal growing plants based on NDVI maps, 
apply pesticides to unhealthy plants, remove weeds and 
unwanted wheat growing in furrow, apply disease 
control measures using NDVI maps.
Figure 20: Index maps of a wheat parcel at booting 
stage/pre-harvest
Map analysis: Healthy plants, normal growing and 
good red way reflection at boot stage, good relative 
density of plants.
UAS-based advice: Apply pesticides to unhealthy plants, 
remove unwanted plants growing in furrow.
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C.1.3 Assessment of the impact of UAS advice on yield 
Data was collected in both treatment and control groups. The assessment was conducted by taking into 
consideration not only the quantity of  inputs applied, labour used and yield, but also by comparing the 
costs and benefits between both groups. Yield was determined following the methodology developed by Sud 
et al. (2017). After harvesting and drying of  the crop to a standard moisture level, the total production was 
determined by weighing the wheat kernels from the crop cuts. The yield for the two groups was then compared 
to determine the impact of  UAS advisory services on yield. The cost-benefit ratio and revenues in both groups 
of  farmers were also computed and compared.
C.2 Findings of the study 
C.2.1 Characterisation of treatment and control farmers 
Of  the total farmers who participated in the study, 54.2% were men and 45.8% were women and most 
(83.3%) were married. The age of  farmers in the two groups ranged between 20 and 70 years old, with 88% 
aged between 20 and 60 years (but predominately aged between 30 and 40), and 12% were above 70 years old. 
Most farmers had been to primary and secondary school, however, 8% had not had any level of  education. 
Most farming households contained between three and six members (54.2%) while 37.5% of  farmers were 
living in a household of  between six and nine people. This result is similar to national statistics which indicate 
that the average household size is 4.8 in Musanze District, and also nationally (NISR, 2011). The total land 
area possessed by all treatment and control farmers is 15.82 ha.
Figure 21: Extension officer briefing farmers on how researchers will harvest the crop on an experimental plot
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C.2.2 Cost determination
C.2.2.1 Input costs
Table 13 shows the types and value of  various costs for both the treatment and control groups. Farmers 
in the treatment group incurred higher costs compared with the control group. The difference in costs 
lies in fertilisers (urea) and pesticides applied by the treatment group following the advice provided by the 
extensionists using UAS-generated index maps.
Table 13: Input costs in FRw/ha
Number Various input costs Cost for treatment group
(FRw/ha)
Cost for control group  
(FRw/ha)
1 Land rent 200,000 200,000
2 Fertiliser (DAP and urea) 80,667 57,333
3 Pesticides 17,708 0
4 Wheat seeds 46,667 46,667
Total 345,042 304,000
C.2.2.2 Labour costs
Table 14 highlights the cost of  labour engaged in the production processes for both groups. The computed costs are 
related to different activities such as bush cleaning, ploughing, planting, weeding, and harvesting. The two groups 
of  farmers carried out the same activities on their respective farms, yet farmers in the treatment group had higher 
labour costs because they acted upon UAS-based advice. The advice helped farmers to closely monitor their crops 
and rapidly address any diseases or anomalies detected in the crop. These actions increased the labour costs for the 
treatment group.
Table 14: Labour costs per hectare
Farm operation activity
Total cost (FRw/ha)
Treatment group Control group
Bush clearing 16,989 17,988
Ploughing 12,500 11,875
Planting 15,527 14,492
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C.2.2.3 UAS service costs
The UAS-based services consisted of  capturing high-resolution aerial multispectral imagery of  the wheat 
farms using UAVs mounted with a Sequoia multispectral sensor. The images taken were processed for 
further analysis to determine the status of  the crop grown by the treatment group farmers. NDVI maps were 
produced and then interpreted by an agronomist who, in turn, provided advice to the treatment farmers. The 
data analysis was done using a cloud-based service offered by French company Airinov. Delays in the delivery 
of  results (index maps) resulted in delays (2 weeks) in the applications of  urea to the crop which may have 
reduced its efficacy. They were provided with individualised geo-referenced stress maps (water, pest, nutrition) 
and relevant information to help them interpret the maps. The stress maps were analysed to detect the nature 
of  the stress and advice was then provided to help the farmers solve the issues detected. The imagery was 
taken three times during the wheat cropping season, so extension officers visited three times to explain the 
images and the appropriate actions to take. 
Table 15 details the costs of  the UAS services provided. The extension cost was estimated on the basis of  
having one extension officer for 4,000 farmers in Africa and the average monthly salary provided to the 
agronomist. As the UAS and extension services were only provided to farmers in the treatment group, the cost 
of  these services for farmers in the control group was zero. The total cost of  UAS advisory services for the 
season and per hectare was evaluated at FRw61,500 (€58) for the local context, where farms were scattered 
over the landscape. This included the cost of  three flights (which was determined on the basis of  FRw30,000/
ha (€28.30/ha) of  scattered farms, i.e. FRw10,000 (€9.40/ha) per flight) and the total extension service was 
estimated at FRw31,500 (€29.70).








Extension advisory services based on the index maps 31,500 0
Three drone flights to take multispectral imagery of the 
crop, process, and print the output in the form of index 
maps and interpret these. The cost is expressed for  
1 ha of scattered farms 
30,000 0
Total 61,500 0
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C.2.3 Harvest and its value
Table 16 provides information on wheat production in terms of  yield, quantity, unit price and value harvested 
by farmers in both the treatment and control groups. The yield of  3.71 t/ha realised by farmers in the treatment 
group was higher than the yield of  3.35 t/ha obtained by farmers in the control group. Farmers in the treatment 
group also realised higher incomes, generating a difference of  FRw126,810 between the two groups. 
Table 16: Harvest value in FRW/ha
Item Harvest value for treatment group Harvest value for control group
Total harvest (t) 1.78 1.61
Area harvested (ha) 0.48 0.24
Yield at harvest (kg/ha) 3.705 3.353
Ex farm sale price (FRw/kg) 360 360
Gross income FRw/ha 1,333,890 1,207,080
C.2.4 Cost-benefit analysis
Table 17 profiles the cost-benefit analysis for the treatment and control groups. The cost-benefit ratio is 2.76 
for the treatment group compared to 3.23 for the control group. This implies a lower return on investment 
for the treatment group. While the use of  UAS-based advice boosted yields for treatment farmers by 9.51%, 
the additional costs of  the UAS services reduced overall profits. It is also worth noting that delays in the 
application of  nitrogen at a key growth stage (due to delays in the delivery of  the index maps) may have 
reduced their efficacy and hence the final yields of  the treatment farms.
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Exchange rate   0.00099 0.00099 0.0011 0.0011
Various input costs FRw/ha       
Land rent 200,000 200,000 €198.0 €198.0 $220.0 $220.0
Fertiliser (DAP and urea) 80,667 57,333 €79.9 €56.8 $88.7 $63.1
Pesticides 17,708 0 €17.5 €0.0 $19.5 $0.0
Wheat seed 46,667 46,667 €46.2 €46.2 $51.3 $51.3
Extension workers 31,500 0 €31.2 €0.0 $34.7 $0.0
UAS services (three flights) 
over scattered farms 30,000 0 €29.7 €0.0 $33.0 $0.0
Subtotal 1 – inputs (physical 
and services) 406,542 304,000 402 301 447 334
Labour inputs (FRw/ha)       
Bush clearing 16,989 17,988 €16.8 €17.8 $18.7 $19.8
Ploughing/hoeing 12,500 11,875 €12.4 €11.8 $13.8 $13.1
Planting 15,527 14,492 €15.4 €14.3 $17.1 $15.9
Fertiliser (and pesticide) 
applications 11,563 5,000 €11.4 €5.0 $12.7 $5.5
Weeding 15,218 15,218 €15.1 €15.1 $16.7 $16.7
Harvesting 4,417 4,417 €4.4 €4.4 $4.9 $4.9
Subtotal 2 – inputs (farm 
labour) 76,214 68,991 75 68 84 76
Total costs (all inputs) FRw/ha 482,756 372,991 €477.9 €369.3 $531.0 $410.3
Yield at harvest (kg/ha) 3,705 3,353 3,705 3,353 3,705 3,353
Ex farm sale price (FRw/kg) 360 360 €0.36 €0.36 $0.40 $0.40
Gross income FRw/ha 1,333,890 1,207,080 €1,320.6 €1,195.0 $1,467.3 $1,327.8
Net income (FRw/ha) 851,134 834,089 €842.6 €825.7 $936.2 $917.5
Return on investment 176.31% 223.62% 176.31% 223.62% 176.31% 223.62%
Cost-benefit ratio 2.76 3.23 2.76 3.23 2.76 3.23
Treatment vs control group (wheat)
Increase in production 9.51%
Increase in net income 2.00%
Increase in net income/hectare (FRw) 17,045
Increase in net income/hectare (€) €16.9
Increase in net income/hectare (US$) $18.7
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C.3 Conclusion
This study analysed how agricultural activities were impacted by using data and information generated by 
UAS to reduce agricultural production costs and increase agricultural income. The findings of  the study show 
that total production in the treatment group was 3.705 t/ha while farmers in the control group generated 
3.353 t/ha of  wheat, however, the farmers in the treatment group incurred higher costs (FRw1,333,890/ha) 
than those in the control group (FRw1,207,080/ha). The cost-benefit ratio for the treatment group (2.76) was 
therefore lower than for the control group (3.23). This implies less return on investment for the treatment 
group. The use of  UAS in wheat farming did lead to an increase in costs (thus a decrease in profits and 
consequently a decrease in net income), however, the UAS-based advice did lead to an increase in yields of  
9.51% for farmers in the treatment group. Unfortunately, delays were recorded in the delivery of  interpreted 
datasets by Airinov. In turn, this resulted in delayed applications of  nitrogen to the crop at key growth stages 
and this may have affected the efficacy of  the applications.
While the data collected indicated positive benefits for smallholders, it is important to repeat the research 
before making final conclusions about the impacts of  using UAS services when growing wheat under rainfed 
conditions. The outcome of  more extensive research could help policymakers, decision-makers and funders 
in developing countries to make informed decisions on the upscaling of  the technology.
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Appendix 1: Questionnaire – Willingness to  
pay survey
Exploring benefits of UAS advisory services on 
smallholder Irish potato and wheat growers in Rwanda
1. Self-introduction to the respondent
Instructions: This survey is for farmers located in areas where the Regional Research Centre for Integrated 
Development (RCID), Charis UAS and the University of  Rwanda, through support from CTA, is implementing a 
project to explore the benefits of  UAS advisory services on smallholder Irish potato and wheat growers in Rwanda.
[Read to the farmer:] My name is [insert name] and I am an employee of  RCID. I have been asked to 
survey farmers in your area and you were randomly selected to participate in this survey. I would like to ask 
you some questions which will enable us to establish the willingness of  farmers to pay for obtaining real-time 
UAS-based advice when growing wheat and Irish potato. Any information you share with me will be kept 
confidential; we will not use your name or location in reporting any findings.
1.1. IDENTIFICATION Code
0_3 Date of interview








1_7 Household head name
1_8 Phone
1_9 Sex
1_10 Marital status 1=Male, 2=Female |___|
1_11 Highest level of education




1_14 Size of the household
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2. Farmers’ awareness and perceptions on UAS services
 




Please give your opinion on how you perceive or would perceive UAS services on a scale of  1 to 5  













2.2 Do you think UAS services will 
offer real solutions for the control of 
pests and diseases?
 
2.3 Do you think UAS services are a 
solution for precision application of 
inputs (fertilisers and pesticides)?
2.4 Do you think farmers will allow 
drones to fly on their farms? Do you 
think the use of drones will go against 
their culture or beliefs?
2.5 Do you think there will be a need 
for promotion of UAS services to 
create awareness of and demand for 
the services among farmers?
2.6 Do you think UAS technology is 
difficult to use and will always require 
assistance from extension 
officers?
2.7 Do you think there is a need to 
educate farmers to use UAS as an 
important solution in agriculture?
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2.9  If yes, what are those benefits? Explain.
 
1. Monitoring overall crop health 




6. Monitoring of crop growth 
7. Application of inputs
8. Determining farm size
9. Other (specify)
 
2.10  What benefits should be promoted in your areas?
1. Monitoring overall crop health 




6. Monitoring of crop growth 
7. Application of inputs
8. Determining farm size
9. Other (specify)
2.11  Do you think that there are some challenges of using UAS services for farmers?
1. Yes
2. No
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2.12  If yes, what are these challenges?
1. Non-effective application in bad weather conditions (rain, night, ... etc.)
2. High operational costs
3. Lack of technical knowledge of farmers
4. Accidents and injuries
5. Invasion of privacy and potential misuse of information
6. Other (specify)
3. Pricing and cost of UAS services
Note: The cost of UAS services for 1 ha is between FRw20,000 and FRw50,000 





3.2  If yes, what amount would you be able to pay?
1. Under FRw10,000
2. FRw10,000 to FRw20,000
3. FRw20,000 to FRw30,000
4. FRw30,000 to FRw40,000
5. FRw40,000 to FRw50,000
 
 
3.3  If yes, how would you prefer to pay the amount proposed?
1. Cost-sharing with cooperative members
2. Individual payment
3. Loan or credit from the bank
4. Grant
5. Other
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Appendix 2: Results of soil test samples of Busogo 
and Gataraga partner farmers 
















Zirimwabagabo 5.31 0.46 98.16 0.34 12.3 7.15 1.02
Tuyisingize JP 4.88 0.53 180.38 0.25 14.6 8.47 0.96
Nyirabaributsa 5.35 0.60 112.65 0.18 15.8 9.18 0.94
Mbanzabugabo 4.86 0.53 97.18 0.17 14.8 8.56 0.95
Nyirandungutse 5.36 0.28 69.19 0.25 19.0 11.03 0.91
Gatama 5.67 0.49 5.95 0.23 15.7 9.10 0.93
Nkiriyumwami 5.67 0.58 84.65 0.24 13.4 7.78 1.01
Helena 5.72 0.57 38.06 0.23 14.1 8.21 0.97
Nzajyibwami 5.27 0.32 82.89 0.32 6.9 3.98 1.1
Niyonsaba 5.33 0.39 100.51 0.21 12.0 6.94 1.02
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